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In the frame of general PS machine impedance evaluation, the septum PESEH23 has 
been measured using the classical coaxial wire method with and without matching 
resistors. 
In order to reduce undesirable resonance effects from "cavities" formed by a gap 
between the main septum chamber of quasi-elliptical cross-section and the end plates 
of the vacuum tank, already RF contact fingers were mounted on a metal plate in 
about 10-15 cm radial distance from the beam. Measured data are compared with 
HFSS simulations and possible further improvements to push the lowest resonance 















1 Introduction and motivation
A constant and persistent eﬀort is required to improve whenever possible the beam
coupling impedance of all PS machine elements. This is due to the fact that the PS machine
has undergone many upgrades during its evolution over the past decades. As a consequence
the beam intensity has been augmented by several orders of magnitude and bunch lengths
became shorter. Obviously more stringent requirements for the impedance budget result
from these improvements. Since there are nearly always certain elements of the PS machine
taken out for repair or upgrade, one has to use the opportunity the measure the impedance
on the bench and if required, implement or foresee further ameliorations.
In the framework of the consolidation project of the electrostatic septa in the PS
ring [1], the septum PESEH23 became available for impedance bench measurements dur-
ing the summer 2000. Usually the measurement job is not at all straightforward; it requires
individual adaptation for the particular Device Under Test (DUT) and the use of diﬀerent
approaches even on the same test object. On top of that, often there is little time available
for measurements since the object is more or less radioactive.
Usual techniques and advises to correctly perform impedance bench measurements
are summarised in [2]. In the present paper we report about the results of measurements
of the longitudinal coupling impedance by means of the so called “coaxial wire method”.
A description of the actual set-up and the measurement procedure are given in sec. 2. The
raw data require careful evaluation (sec. 2.1-2.2) and a comparison with numerical simu-
lation results by HFSS [4] is very helpful for a good understanding (sec. 2.3). Eventually
a proposal for possible improvements is discussed in sec. 3.
A schematic drawing of the device is shown in Fig. 1 which gives a transverse view
(left picture) and a longitudinal view (right picture). The beam travels in an elliptical
vacuum chamber before entering into the septum where the elliptical chamber is cut by
an molybdenum foil (i.e. the “septum” according to Fig. 1) in front of the High Voltage
(H.V.) electrode. The photo of the beam pipe inside the device is shown in Fig. 2 (left
picture) where the H.V. electrode and the septum foil are clearly visible. The openings
on the right hand side of the pipe are venting holes and their impact will be seen in
the measurements. In the following we refer to the septum as the whole device and not
strictly the molybdenum foil, as indicated in Fig. 1. The septum is contained in a tank
with circular ﬂanges which have to be electrically connected with the septum itself. For
this purpose, some RF-ﬁngers were mounted on the septum extremity, as shown Fig. 2
(right picture). Those contacts form a kind of cavity with the external tank ﬂanges: the
eﬀect of this cavity will be discussed in details.
2 Measurements
A copper wire (rod) is placed on the axis of the DUT and a Vector Network Analyser
(VNA) measures the transmission coeﬃcient S21 between the two extremities. Two sets
of measurements are performed: one with a copper wire having a diameter of 0.4 mm
and one with a much thicker wire (actually a rod) with 1 cm diameter. The wire (rod) is
aligned to the centre of the tank ﬂanges (see Fig. 1); in general this is not the centre of the
elliptical vacuum chamber, since during machine operation the chamber inside the septum
is moved due to machine optics requirements. The measurements have been carried out
on PESEH23 in operating conditions, i.e. with 1 cm horizontal oﬀset between the ﬂange
centre and the ellipse centre. A great caution had to be exercised, when placing the wire
inside the vacuum chamber without damaging the very thin septum foil.
The coaxial transmission line formed by DUT + wire is mismatched with respect to
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Figure 1: Simpliﬁed drawing of the whole septum. The left picture gives a transverse view
of the device: the quasi-elliptical vacuum chamber inside the septum tank is clearly visible.
The right picture is a view “parallel” to the beam axis. The wire for the bench measure-
ment is aligned at the centre of the circular tank ﬂanges (which does not necessarily
correspond to the centre of the elliptical chamber).
Figure 2: Detailed septum views. The left picture shows the inside part of the septum tank:
the nearly elliptical beam pipe is “cut” by an molybdenum foil. The pumping holes are
visible in the right part of the pipe. The right picture shows the end of the tank, where
the external (tank) ﬂanges are put in place. The RF-contacts assure a good electrical
transition between septum and the external ﬂange.
the instrument (VNA, 50 Ω generator and load impedance) and some matching resistors
have been used in this case (see sec. 2.1). The losses in the resistors aﬀect the measurements
and thus to get rid of their inﬂuences, the rod measurements were instead performed
without matching resistors.
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To evaluate the coupling impedance, the raw data are analysed with the so called
“logarithmic formula”:






where Zc is the characteristic impedance of the coaxial line and S21 is the transmission
coeﬃcient (measured by the VNA). REF stands for REFerence measurement; such a
reference measurement in a smooth, homogeneous beam pipe has not been done for prac-
tical reasons. We assumed, instead, for the reference a lossless line of length L (that is
SREF21 = e
−jωL/c) where L is the mechanical distance between the connectors joining the
wire (rod) extremities with the cables from the network analysers. This delay has been
included in the raw data via the time delay correction function of the network analyser;






In order to get the correct value of the matching resistor, we need a measurement
of the impedance Zc of the wire in the DUT. Then, the resistance Zmatch satisﬁes simply
the matching condition [3]:
Zc = Zmatch + 50 Ω.
To measure Zc we performed a kind of “Time Domain Reﬂectometry”, using the
time domain option of the HP8753D network analyser. We measured the signal reﬂected
by the unmatched transmission line with a synthesised (unitary) step excitation, the so
called “low frequency step” in the VNA jargon. The calibrated S11 for the (unmatched)
coaxial line is shown in Fig. 3 as a function of the delay along the transmission line; where
the diﬀerent “stairs” are the multiple reﬂections at the opposite end of the structure. One
can see clearly the contribution of the “entrance cavity” and “exit cavity” as well as the
inﬂuence of the periodically spaced lateral venting holes (about 4 cm diameter) in the
ellipse like cross section beam pipe inside the septum tank. From the amplitude ∆Γ of





1− 0.714 = 299 Ω, (2)
since Z0 = 50 Ω. According to Eq. (2.1), Zmatch = Zc−Z0 = 249 Ω; for practical reasons,
then, the two matching resistors actually soldered between the wire and the connectors
are of 270 Ω.
After soldering the matching resistors on each side of the copper wire, the trans-
mission coeﬃcient S21 looks like in Fig. 4. The upper plot shows its magnitude (in db)
when the low frequency ohmic losses on the matching resistor are corrected away. The
lower plot shows the phase of S21 after the time delay correction according to the (me-
chanical) length of the line (which is roughly 1.15 m). The notches pointed by the two
arrows are due to electromagnetic energy trapped in the two passive cavities between the
septum ends and the tank ﬂanges (see Fig. 2). The two cavities are coupled by the coaxial
structure and the ﬁrst notch shows the typical “double peaks” pattern of coupled cavities
oscillations. The higher frequency notch (second arrow) is quite wide and this may be
due to coupled oscillation or to a sampling inaccuracy. At the time the write-up was done
(several months after the measurements) more data were not available since the septum
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Figure 3: Reﬂection coeﬃcient measurements in the time domain. The plot shows multiple
reﬂections in the non-matched coaxial line obtained by inserting a wire (0.4 mm diameter)
along the DUT axis. Each plateau has the same typical structure of an undulation with
small overshoots at the beginning and at the end. The overshoots are due to the entrance
and exit passive cavities formed by the contacts and the external tank ﬂanges, while the
undulation is due to the venting holes. The values of the matching resistors are computed
from ∆Γ (∆Γ = 0.174).






















Figure 4: Transmission coeﬃcient (S21) versus frequency. A copper wire (0.4 mm diameter)
is placed along the DUT axis. Matching resistors have been mounted at each end of the
wire. The amplitude (upper plot) has been corrected from the low frequency losses on
the resistors. The lower plot shows the phase of the S21, corrected according the distance
between the two VNA connectors, that is 1.1471 m (time delay correction). The arrows
indicate two (unexpected) resonances.
is not anymore accessible for bench measurements. The other notches at high frequency
(around 2.5 GHz and above) are the signature of higher order propagating modes. The
ripple at low frequencies (below 500 MHz) is due to the imperfect matching as mentioned
above since the resistors actually soldered have not exactly the theoretical value. To get
the plot of Fig. 4, the raw data for |S21| are artiﬁcially modiﬁed: the plot is shifted up in
order to subtract the ohmic losses on the matching resistors at low frequency. Unfortu-
nately, their losses changes with frequencies and this explains the (unphysical) behaviour
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of an |S21| greater than 0 db above 1.5 GHz.
The longitudinal coupling impedance can be calculated using the raw data of the
transmission coeﬃcient in Eq. (1) with Eq. (2); its real part Zreal is shown in Fig 5. The
peaks (pointed by the arrows) correspond obviously to the notches of the |S21| and they
are due to the transition between the tank ﬂanges and the septum extremities. These
two passive cavities gives the main contributions to the coupling impedances and having
identiﬁed them is the most important outcome of the bench measurements which we are
reporting about. The other oscillations in the coupling impedance plot are due to the
non perfect matching from the matching resistors and the ﬁelds bouncing back and forth
between the two cavities. The negative impedance (unphysical for a passive device) corre-
sponds to the |S21| greater than unity discussed above and it is due to reactive/inductive
eﬀects in the matching resistors.















Figure 5: Real part of the longitudinal coupling impedance according to the “log formula”.
A copper wire (0.4 mm diameter) with matching resistors has been used. Interesting
resonant modes are indicated by the arrows. The (unphysical) behaviour of the impedance
at high frequency (Zreal < 0) is due to the frequency dependency of the resistor losses (no
reference measurement available).
2.2 Rod measurements
In general, the thinner is the wire, the better the bench measurements reproduce
the situation seen by the beam. The drawback of the thin wire is the increase in char-
acteristic impedance of the transmission line and the resulting inaccuracy in measuring
small impedances. Excluding the unexpected peaks, in fact, the impedance of the device
is supposed to be small and thus a measurements with the rod was foreseen to give a
better estimate of this value. Matching resistors were not used in this case in order to
avoid unknown (frequency dependent) losses.
The second set of measurements (1 cm thick rod) lead to the same conclusions as
for the thin wire set-up. Figure 6 shows the transmission coeﬃcient S21 where again the
two notches pointed by the arrows are due to the passive cavities mentioned above. As
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there were no matching resistors used in this case, the magnitude of the S21 has not
been corrected. On the contrary, the phase has been corrected according to the distance
between the two DUT connectors, which amounts to about 1.08 m (this distance is smaller
than before since there are no “SUCO box”1) units which would contain the matching
resistors).




















Figure 6: Transmission coeﬃcient (S21) versus frequency. A copper rod (10 mm diameter)
is placed along the DUT axis. The upper plot shows the amplitude of the S21, while
the lower plot shows its phase, corrected according the distance between the two VNA
connectors, that is 1.0777 m (time delay correction). The arrows indicate two (unexpected)
resonances pointing to typical notches in the amplitude and jumps in the phase.
The characteristic impedance of the rod in the DUT is 132 Ω, according to numerical
simulations of the actual set-up. This value was calculated by taking the minimum of
the Z12 versus frequency; Z indicates the Z-matrix which can be derived directly from
the HFSS simulations discussed below in sec. 2.3. Such a characteristic impedance is
considerably diﬀerent from the 50 Ω of the VNA ports and this mismatch is the reason
of the undulations at low frequencies (say below 500 MHz) in Fig. 6.
The cavity related notches have the same frequencies as before. The absolute value
may be slightly incorrect because of sampling inaccuracy. It is interesting to consider the
phase jump of the second resonance: it amounts to (roughly) 360 degrees, indicating that
the resonance is due to a 2 cavities coupled oscillation (a single cavity would have given
a 180 degrees phase jump). The eﬀect of the high order cavity modes and/or waveguide
modes above 2.5 GHz is evident in Fig. 6 too.
Using the value of Zc = 132 Ω in the “log formula” of Eq. (1), the coupling
impedance can be calculated and its real part Zreal is given in Fig. 7 in full agreement
with Fig 5. The undulation is due to the mismatch between bench set-up and VNA and
the minima are good indications for the coupling impedance at the frequencies where the
minima are situated. The impedance is quite small as expected and it increases with fre-
quency; anyway a precise quantitative estimation is questionable with the available data
set-up.
1) Trade name of Huber+Suhner for a small housing with N connectors for individual components like
a single resistor.
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Figure 7: Real part of the longitudinal coupling impedance according to the “log formula”.
A copper rod (10 mm diameter) has been used. Interesting resonant modes are indicated
by the arrows.
2.3 Parasite cavity: HFSS simulations
The main conclusion of the above measurement analysis is the presence of two
undesired cavity-like resonances. To conﬁrm that those peaks depends on the the contact
region between the septum extremities and the tank ﬂanges, the set-up (DUT + rod) has
been studied numerically with HFSS. The aim of the simulations was to reproduce the
S21 notches (or equivalently the impedance peaks) in order to check their origin.
The model used in the simulation is shown in Fig. 8. The septum itself is modelled
by a “C-shaped” beam pipe: the cross section is an ellipse cut at 4/5 of its major semi-axis.
The pieces of elliptical beam pipe on each side resemble the connection of the septum to
the standard PS beam pipe (and their cross section is the non cut ellipse). The ellipse
major axis is 163 mm and the minor one is 75 mm; the septum is assumed to be about
407 mm high (ﬁve times the major semi-axis) while the elliptical transitions are about
112 mm high (three times the minor semi-axis). The height of the septum is smaller
than in reality, but this is irrelevant for the results we are interested in. More eﬀort was
required to make a realistic model of the contacts region (i.e. the cavities) which are the
two ﬂat parallelepipeds (295 mm×220 mm×17 mm) in Fig. 8. Each cavity is divided in
two parts by the 3 mm thick metal sheet (grey region in Fig. 8) which has an opening
of 253 mm×162 mm (the centre of this opening is 9 mm away in the x-direction with
respect to the axis of the structure). Therefore, going from the elliptical pipes to the
internal septum, one can recognise (inside the cavity region) ﬁrst a free space of 7 mm,
then the 3 mm thick metal sheet an then another 7 mm region. In this last region the
metallic ridge (green part of Fig. 8) extends from the bottom of the metal sheet to the
end of the cavity (i.e. it is 10 mm tall). The ridge and the metal sheet are not directly
connected (see the 1 mm gap in Fig. 8.c) and this is believed to be important for the
image current distribution. The copper rod (10 mm diameter) is placed in the centre of
the structure and extends along the whole structure. The cavity external boundaries are
declared as copper while the septum, the elliptical beam pipe walls, the metal sheet and
the internal (green) ridge are perfect conductors.
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Figure 8: Model assumed in the HFSS simulation. The left picture a) shows the whole
geometry: the septum itself is the “C” shaped pipe between the two passive cavities,
resembling the contacts to the tank ﬂanges. A metallic wire goes through all the structure.
A detailed sketch of the lower contact region is in the right picture b) where the geometry
has been cut along the xz-plane. The grey piece is a 3 mm thick metal sheet used to
support the RF ﬁngers located between the red plane (i.e. the lower side of the cavity)
and the grey metal itself. The green part is also metallic and it mimics the shape of the
actual support. There is a 1 mm gap between the metal sheet and the internal green
metallic part, as shown in the picture c).
boundary condition on the xz-plane) using ﬁrst manual meshing in the cavity region and
then letting the program adaptively reﬁne them. The magnitude (db) and phase of the
transmission coeﬃcient obtained is shown in Fig. 2.3. The low frequency notch (roughly
at 780 MHz) is due to the metal sheet as well as the gap between the metal sheet and
the ridge. The higher frequency resonances are present also without this metal sheet.
The simulation agrees reasonably well with the network analyser data since it reproduces
the notches seen in the measurements; the resonant frequencies, comparing VNA and
HFSS results, agree reasonably well (e.g. for the lower frequency resonance we measure
580 MHz but the simulations give 780 MHz) and the 360 degrees phase jumps show up
as well. Possible reasons of this non perfect agreement may be the fact that during the
measurement the wire centre and the ellipse one are not the same (1 cm oﬀset) as instead
it is assumed in the simulations. Moreover in reality there are undeﬁned contacts and the
exact geometry of the transition has some details not included in the actual model (for
practical reasons) which may induce a frequency shift.
3 Possible future improvements
The simulations reproduce to some extent the measured results and can be used
to check ideas for possible improvements. The main goal is to ﬁnd a way of removing
the lower frequency peak in the coupling impedance which is well inside the relevant PS
bunch spectrum.
A straightforward improvement include additional RF contacts at each end of the
septum as close as possible to the beam axis, as shown in Fig. 10. Here the problem
is to ﬁnd a solution that is a compromise between theoretical desires (which would not
allow any kind of radial gap) and what can be done practically including repair needs. It
can never be excluded that the contacts get damaged during the mounting of the cover
ﬂange and then one must be able to change them quickly, possibly in a congested and
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Figure 9: Transmission coeﬃcient (S21) versus frequency. The plots refer to a HFSS sim-
ulation of the bench measurement set-up (DUT with copper rod on its axis). The eﬀect
of the two passive cavities due the contacts between the septum extremities and the ex-
ternal ﬂanges is clearly shown by the transmission notches. The 360 degrees phase jumps
at some resonances show that the two cavities are coupled (by the TEM coaxial line).
The frequencies of the notches do not match exactly the coupling impedance peaks, since
for practical reasons it was not possible to simulate the exact geometry of the septum
extremities.
radioactive environment. With all these constraints the solution shown in Fig. 10 appears
still reasonable.
The proposed new contacts have been included in the HFSS model described earlier
by simply inserting a 2D sheets (perfect conductor) connecting the metallic (green) ridge
and the opposite cavity wall at the contact locations. The resulting S21 is shown in Fig. 11:
there are no more signiﬁcant resonances below 1.6 GHz.
4 Conclusion
The longitudinal beam coupling impedance of the septum PESEH23 has been eval-
uated using the coaxial wire method as well as HFSS simulations. As a result two major
resonances were found in the frequency range up to 1.5 GHz. It turned out that close
agreement between HFSS (wire) results and measurement was diﬃcult to obtain since
the cavities which give rise to these resonances have a very complicated shape and in
addition undeﬁned contacts. Nevertheless a reasonable agreement has been achieved. Fur-
ther signiﬁcant improvement appears possible by placing additional RF contact even closer
to the beam despite considerable mechanical constraints. One of these constants is the
requirement to be able to exchange such contacts with minimal eﬀort in a radioactive
environment if they are damaged. For the near and medium term future the impedance
of septum 23 appears to be acceptable but the possibility of further upgrade should be
used whenever this device is taken out of the ring.
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Figure 10: Septum extremity. The left photo represents the present situation where the
electric contact between septum and the external ﬂange is obtained with proper RF-
contacts on the contour of the septum extremity. The right picture represents a proposal
for positioning the new RF-contacts in order to reduce the coupling impedance seen by
the beam. The optimum situation would be to have additional new contacts as close
as possible to the beam pipe opening; the proposed solution is a compromise of this
requirement with mounting issues of available contacts [5].



















Figure 11: Transmission coeﬃcient (S21) versus frequency. The plots refer to HFSS simula-
tions of the bench measurement set-up (DUT with copper rod on its axis), but including
the newly proposed contacts. The most dangerous notch at low frequency disappeared
and there are no more signiﬁcant resonances below 1.6 GHz.
and their patience in discussions on possible further improvements. Thanks is also to
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